The magnetic phase diagram and thermal expansion of EuSe is revisited using a high-quality 3200-Å-thick epitaxial film grown over a ͑111͒BaF 2 substrate. Resonant magnetic x-ray diffraction experiments reveal a highly hysteretic magnetic phase diagram between 1.8 and T N ϳ 4.7 K, in which two antiferromagnetic phases with propagation vectors k ជ I = ͓ 
I. INTRODUCTION
Europium chalcogenides EuX ͑X = O, S, Se, and Te͒ are magnetic semiconductors with NaCl structure. Their magnetism results from the half-filled 4f 7 electronic shell of Eu
2+
with S =7/ 2. The isotropic magnetic moments are effectively shielded by the 5s 2 and 5p 6 electronic shells, making the EuX's reference materials for Heisenberg magnetism. 1 Studied since the sixties, the EuX magnetic order is known to be ferromagnetic ͑FM͒ within individual ͑111͒, ͑111͒, ͑111͒, or ͑111͒ planes for each of the four distinct domains. Different magnetic orders are observed depending on whether successive FM planes order parallel ͑↑↑͒ or antiparallel ͑↑↓͒. This is determined by the ferromagnetic J 1 and antiferromagnetic ͑AFM͒ J 2 exchange constants among nearest and next-nearest neighbors, respectively. 2 For EuO and EuS, J 1 Ͼ ͉J 2 ͉ results in ferromagnetic ↑↑↑ order. The opposite is true for EuTe, J 1 Ͻ ͉J 2 ͉, where ↑↓ ↑↓ ͑or type-II͒ AFM order is observed. For EuSe, a delicate equilibrium, J 1 ϳ͉J 2 ͉, determines the existence of several magnetic phases, depending on temperature and history.
The interest on the EuX family reappeared recently with the availability of high crystalline quality films grown by molecular-beam epitaxy ͑MBE͒. Photoluminescence and absorption lines were discovered with record-high g factors with applied magnetic fields for EuTe and EuSe films. [3] [4] [5] Also, magnetic correlations were observed among AFM EuTe layers through nonmagnetic PbTe spacers in EuTe/ PbTe superlattices. 6 Though a great deal of experimental and theoretical 7, 8 efforts have been devoted to the EuX family, their magnetic properties are far from being fully understood. Particularly for EuSe, several descriptions of its phase diagram can be found. In 1969, a neutron-diffraction study of EuSe by Fischer et al. 9 identified a ↑↑ ↓↓ ͑type-I͒ AFM state at 4.2 K. At 1.9 K they observed coexistence of the ↑↓ ↑↓ AFM and the ↑↑↓ ferrimagnetic phases. The three observed magnetic orderings, in which successive ͑111͒ planes order ↑↑ ↓↓, ↑↓ ↑↓, and ↑↑↓, are schematically represented in Fig. 1 . Griessen et al. 10 used dilatometric and magnetic measurements to obtain a phase diagram of EuSe and determine the length changes during the magnetic transitions. They found that EuSe spin ordering becomes ↑↑ ↓↓ below 4.6 K, ↑↑↓ below 2.8 K, and ↑↓ ↑↓ below 1.8 K. They also found significant lattice contractions at 1.8 K and at 2.8 K, and a small expansion at 4.6 K, with increasing temperature.
A description of the hysteretic behavior of EuSe is first found in Callen and de Moura's work in 1977. 11 According to them, cooling EuSe produces a first-order transition to the ↑↑ ↓↓ phase at 4.6 K, and below 2.8 K the ↑↓ ↑↓ phase FIG. 1. ͑Color online͒ Structural and magnetic orderings of EuSe. To the left, the fcc lattice of EuSe is schematically represented, with the unit cell marked with darker bonds. To the right, the three observed magnetic orderings: AFM I, AFM II and ferrimagnetic, with different spin alignments in successive Eu atomic layers when viewed from a ͓111͔ equivalent direction. appears, coexisting with the ↑↑ ↓↓ until below 1.9 K. Heating back, the ↑↑ ↓↓ phase transforms to ↑↑↓ at 1.9 K, and then turns again into ↑↑ ↓↓ at ϳ4 K. Existing ↑↓ ↑↓ phase also turns into ↑↑ ↓↓ at ϳ2.5 K. More recent experiments on EuSe films grown by MBE on BaF 2 substrates, using superconducting quantum interference device ͑SQUID͒ magnetometry and magneto-optics Faraday and Kerr effects, did not find evidence the ↑↑ ↓↓ phase, which was ascribed to the presence of strain in the epitaxial films. 12 Overall, the scenario for the EuSe magnetic phases is still incomplete, and a detailed diffraction study of the magnetic phases of EuSe, including magnetoelastic changes and thermal hysteresis, is missing.
Magnetic resonant x-ray diffraction ͑MRXRD͒ is particularly suitable to study the magnetic structure of rare-earth compounds in the form of thin films. 13 Our previous studies on EuTe films and EuTe/PbTe superlattices proved the suitability of MRXRD to study the magnetic orderings in this family, combining a strong resonance enhancement at Eu L II and Eu L III edges, high surface sensitivity, and separation of the charge and magnetic signals through polarization analysis of the diffracted beam. 14, 15 In this work, we use MRXRD to study the magnetic order of an epitaxial EuSe film, grown by molecular-beam epitaxy on a ͑111͒BaF 2 substrate. This is complemented by high-resolution charge x-ray diffraction to probe the magnetoelastic effects accompanying the magnetic phase transitions. Our results shed light onto the interesting magnetostructural phase diagram of EuSe. A detailed picture of the magnetic phases and their hysteretic behavior is given. The high resolution of MRXRD allows us to conclude that the ferrimagnetic phase usually identified as ↑↑↓ is actually a correlated-defect phase, intermediate between ↑↑↓ and ↑↑ ↓↓ states.
II. EXPERIMENTAL
A 0.32 m EuSe film was grown in ultrahigh vacuum by molecular-beam epitaxy, on freshly cleaved ͑111͒ oriented BaF 2 substrate, at 420°C. Eu and Se were evaporated from separate effusion cells with a flux ratio of 1:2. A polycrystalline BaF 2 cap layer with 1000 Å was grown on top of the EuSe layer at room temperature to protect it from oxidation.
For the initial structural characterization of the sample, high-resolution x-ray diffraction measurements were made, using a Philips X'Pert diffractometer in the triple axis configuration. A four crystals ͑220͒Ge Bartels monochromator at the Cu x-ray tube output and a channel-cut Ge analyzer before the detector were employed during the triple axis measurements. X-ray magnetic resonant diffraction measurements were made at the XRD2 beamline of the Brazilian Synchrotron Laboratory ͑LNLS͒. 16 The beamline is placed after a bending magnet, followed by a Rh-coated vertical focusing mirror, and a double-bounce Si͑111͒ monochromator, in which the second crystal can be bent for sagittal focusing. The measurements were made at the Eu L II absorption edge ͑E = 7614 eV, = 1.628 Å͒, taking advantage of an enhancement of nearly 2 orders of magnitude in the magnetic scattered intensity.
14 A polarimeter with a graphite analyzer was placed in the 2 arm of the diffractometer during the scattered beam polarization analysis, allowing to distinguish between Ј and Ј scattered radiation. A Si͑111͒ analyzer was used for the high-resolution magnetostriction measurements. A commercial closed-cycle cryostat with an additional Joule-Thomson open-cycle circuit was mounted on the ͑4+2͒ Huber diffractometer cradle, reaching a base temperature of 1.8 K. Considering the great sensitivity of the magnetic phases to temperature and thermal history in EuSe, the temperature stability was about 1 mK, and the maximum temperature overshoot was below 10 mK.
III. RESULTS AND DISCUSSION

A. Room-temperature structural characterization
Prior to the x-ray resonant magnetic experiments, highresolution x-ray charge diffraction was employed to get a detailed picture of the crystalline quality and strain state of the EuSe film. To this goal, scans were made around the BaF 2 ͑222͒ reflection, and around other symmetric and asymmetric EuSe reflections. Figure 2 shows the / 2 scan along the ͓hhh͔ direction of the EuSe film and BaF 2 substrate. Several thickness fringes can be observed, denoting the good crystalline quality and sharp interfaces of the EuSe film. Figure 2 also displays the simulation using TakagiTaupin dynamic diffraction theory. 17, 18 The best fit to the measurement was obtained considering an EuSe film of 315 nm, fully strained to the BaF 2 substrate, i.e., with an in-plane parameter equal to that of BaF 2 ͑6.1988 Å͒. The BaF 2 cap layer was disregarded during the simulation since it is expected to be polycrystalline. The fully strained choice is supported by the very small lattice mismatch between bulk EuSe and BaF 2 , of only 0.11% at room temperature.
The strained state of the EuSe layer was further investigated measuring several HKL reflections with different offsets relative to the ͓hhh͔ surface normal. Figure 3 shows the lattice parameters obtained from the 2 peak positions of five reflections. Since the lattice parameters lie approximately in a straight line when plotted versus sin 2 ͑͒, we conclude that the EuSe film has a constant strain through its depth, 19 within our resolution. The EuSe film in-plane lattice
͑Color online͒ X-ray diffraction / 2 scan along the HKL ͑222͒ reflections of the EuSe film and the BaF 2 substrate at room temperature. Simulation of the diffracted spectra with dynamical diffraction theory of Takagi-Taupin ͑Refs. 17 and 18͒ considering an EuSe film fully strained to the substrate. The simulation was vertically shifted for better visualization.
parameter can be obtained from Fig. 3 , extrapolating the linear behavior to sin 2 ͑͒ = 1. The solid line in Fig. 3 is a linear fit, demonstrating that the in-plane parameter of the EuSe film nearly matches that of the BaF 2 substrate. Considering the elastic constants of bulk EuSe, 1 the EuSe film has a biaxial tensile strain of 0.10% and a perpendicular compressive strain of −0.08%. Therefore, strictly speaking our EuSe film shows a rhombohedral rather than cubic unit cell, in which the rhombohedral c ជ axis points along the quasicubic ͓hhh͔ direction. Nonetheless, in order to allow for a direct comparison between our results and the previous descriptions of bulk EuSe, we choose to represent the lattice parameters, Bragg reflections, and magnetic propagation vectors with respect to the quasicubic unit cell shown in Fig. 1 . Figure 4 shows a synchrotron x-ray diffraction reciprocalspace scan in the ͓hhh͔ direction, between ͑113͒ and ͑222͒ reflections at 3.2 K, after cooling, at the Eu L II edge. A background between 40-120 counts per second ͑150 mA ring current͒, measured in the paramagnetic state at 10 K, was subtracted to highlight the magnetic scattering at 3.2 K. Five peaks are observed in Fig. 4 scan. The analysis of the polarization of the scattered beam yielded a → Ј polarization change during the scattering process, strongly indicating the magnetic character of these peaks. Energy-dependent measurements of the ͑ 2 ͒ reflection intensity showed a strong dipolar resonance, with a maximum at the Eu L II edge ͑not shown͒, such as found for EuTe, 14 further evidencing the magnetic nature of the observed signal. The intensities of the strongest magnetic peaks at resonance were about 10 −6 times weaker than the charge peaks. The five observed magnetic peaks indicate coexistence of three magnetic phases at this temperature, since the pair marked by I and IЈ in Fig. 4 are peaks related to the same phase, as well as pair III and IIIЈ.
B. Magnetic phases
To investigate the temperature dependencies of the magnetic peaks, we measured reciprocal space scans in the ͓hhh͔ direction between HKL ͑113͒ and ͑222͒, at temperatures ranging from 1.8 to 5 K, on warming and cooling ͑Fig. 5͒. A background scan measured at 10 K was again subtracted from all scans. A marked hysteresis is easily noticed when comparing the scans measured during the warming and cooling cycles.
In order to study the magnetic phases and transitions in more detail, the individual scans in Fig. 5 were fitted with five Gaussian peaks, for which the width of peaks I and IЈ were constrained as equal, as well as those of peaks III and IIIЈ ͑Fig. 4͒. Also, the positions of peaks I, IЈ and III, IIIЈ were considered symmetric around the center of the scans at ͑ ͒. An example of such a fit is shown in Fig. 4 . Figures 6͑a͒-6͑f͒ shows the integrated intensity, propagation vector k ជ = ͓hhh͔, and peak widths ⌬h of the observed magnetic phases as a function of temperature, under warm- ͔ is observed. The propagation vector of this phase remains locked for all temperatures in which it is observed ͓Fig. 6͑c͔͒, corresponding to the ↑↓ ↑↓ phase identified in previous neutron-diffraction studies. 11 As the sample is warmed above ϳ3 K, another phase appears, with an initial k ជ III close, but slightly different of ͓ ͔ at 3 K ͓Figs. 6͑a͒ and 6͑c͔͒. Clearly, this is the phase identified as ferrimagnetic ↑↑↓ in previous studies. The Bragg peaks for this phase are considerably broader than for ↑↓ ↑↓ phase ͓Fig. 6͑e͔͒, indicating a highly defective and/or short-ranged phase. Above ϳ3.5 K, the ↑↓ ↑↓ phase disappears. On further warming, the Bragg peaks of the defective phase become narrower and its propagation vector gradually moves, with a final jump to k ជ I ϳ͓ On cooling, a remarkably different equilibrium between the competing magnetic states is observed. Immediately below T N , a coexistence between the defective phase and a phase with locked k ជ I ϳ͓ Identical results with respect to those shown in Figs. 5 and 6 were obtained for scans along the ͓hhh͔ and ͓hhh͔ directions, which were taken after performing 120°azi-muthal rotations of the sample around the ͓hhh͔ direction.
However, no magnetic peaks were observed at all in specular / 2 scans along the ͓hhh͔ normal direction.
C. Magnetoelastic effects
The high resolution achievable with synchrotron x-ray diffraction is particularly useful to measure the subtle magnetoelastic distortions in the lattice that usually accompany magnetic transitions. To study the magnetostriction effects in the EuSe film, the incident beam was further collimated to lower the instrumental width and increase resolution. Also, a silicon analyzer ͓͑111͒ reflection͔ was placed in front of the detector. With this optimized configuration, the position of the EuSe ͑222͒ HKL reflection was monitored as a function of temperature, in successive cooling and heating cycles. Figure 7 shows in-plane lattice parameter thus obtained as a function of temperature. Even though the variations are on the order of 10 −4 Å, the behavior repeated through successive temperature cycles ͑solid and dashed lines͒.
In the paramagnetic region above 4.7 K, the lattice parameter shows a linear increase due to thermal expansion ͑Fig. 7͒. The straight line in Fig. 7 is a linear fit to the data above 5 K, yielding a thermal expansion coefficient of 15 ϫ 10 −6 K −1 , similar to the value found in the literature 13.1ϫ 10 −6 K −1 at 300 K. 1 The deviation from this line below 4.7 K is due to magnetostriction effects. A clear hysteresis is observed when cycling the temperature in the cooling and warming directions. When cooling below 4.7 K, a lattice contraction occurs rather abruptly, coincident with the first order transition to the ↑↑ ↓↓ phase. Below 3 K, the lattice parameter increases steadily down to 1.7 K, clearly correlating with the emergence of the ↑↓ ↑↓ phase ͓Figs. 5͑a͒ and 6͑b͔͒. Heating back, the lattice parameter is nearly constant while the ↑↓ ↑↓ phase is dominant, up to ϳ3.2 K. Above this temperature, a lattice contraction takes place, coinciding to the emergence of the ferrimagnetic phase. On further warming, an expansion takes place at ϳ4.7 K, marking the transition to the paramagnetic phase. coexistence, when cooling and warming the EuSe film. These results seem to contrast with those by Rumpf et al., 12 who did not observe the ↑↑ ↓↓ phase in a 2.5 m EuSe film, also grown by MBE on a BaF 2 substrate. They used SQUID magnetometry and magneto-optics experiments to study the magnetic orderings, and the absence of the ↑↑ ↓↓ phase in their sample was attributed to the presence of a residual strain in the epitaxial film. We emphasize that magnetic resonant x-ray diffraction is particularly suited for direct magnetic phase detection, and here it proves the existence of the ↑↑ ↓↓ phase in a tensile strained EuSe film.
It is remarkable that the same magnetic peaks corresponding to the ↑↓ ↑↓, ↑↑ ↓↓, and defective phases are observed in all ͓hhh͔, ͓hhh͔, and ͓hhh͔ directions, but not in the ͓hhh͔ direction. These results demonstrate the existence of AFM domains with propagation vectors along the ͓hhh͔, ͓hhh͔, and ͓hhh͔ oblique directions, but not along the specular ͓hhh͔ direction. While all four directions are symmetry equivalent for bulk single crystals, this is not the case for the epitaxial film studied here, in which the symmetry is partially broken by the strain for the ͓hhh͔ direction. This result is contrary to what occurs with EuTe films grown on ͑111͒BaF 2 substrates, where the ↑↓ ↑↓ phase develops with propagation vector along the ͓hhh͔ direction only. 6 Opposite population of magnetic domains in EuTe and EuSe films grown on BaF 2 can be explained by their respective strain state. Considering the lattice parameters of EuSe, EuTe, and BaF 2 substrate, 6.192 Å, 6.598 Å, and 6.199 Å, respectively, a biaxial tensile strain is expected for the EuSe film, while the EuTe film must be under biaxial compressive strain. The tensile strain in the EuSe film was confirmed above and compressive strains in EuTe films of ϳ−0.14% are still observed even for film thicknesses above 4 m. Kepa et al. 6 demonstrated, using simple energy considerations, that compressive strain in EuTe favors in-plane domain population against oblique domain population. Compressive and tensile strains affect bonding lengths, and thus J 1 and J 2 exchange constants, opposite for in-plane and oblique domains, resulting in opposite domain population for EuTe and EuSe films.
The variety of magnetic phases observed in EuSe ͑Fig. 5͒ results from the close equilibrium among the nearestneighbors ͑NNs͒ and next-nearest-neighbors ͑NNNs͒ exchange constants J 1 ϳ͉J 2 ͉. With the same number of NN and NNN on adjacent ͑111͒ planes, the interplane exchange coupling, proportional to J 1 + J 2 , is very weak. Thus, other interactions such as dipolar, fourth-order, and magnetoelastic interactions become important to define the spin ordering. 11, 20, 21 Which of these interactions is predominant is not yet well known.
Callen and de Moura 11 suggested that magnetoelastic distortions played a fundamental role in the stabilization of the magnetic phases. The phase stabilization would occur as a result of the dependencies of J 1 and J 2 on interatomic distances, which have been widely investigated, both theoretically and experimentally. 7, [22] [23] [24] Our magnetoelastic studies show hysteretic lattice distortions that correlate well with all magnetic transitions when cycling the sample temperature. The ↑↓ ↑↓ phase produces an expansion along the sample normal while ↑↑↓ and ↑↑ ↓↓ phases produce contractions along the sample normal. However, the presence of multiple domains and of a biaxial strain on our EuSe film hinders a detailed study correlating the exchange constants and the lattice distortions measured, for which an unstrained singledomain sample would be ideal.
In order to understand the defective phase peaks position and drift, we performed kinematic simulations of the magnetic diffraction with different magnetic orderings. For this, we followed the approach outlined by Kepa et al., 6 where the amplitudes scattered from successive FM ͑111͒ planes are summed up,
where d is the spacing between magnetic Eu ͑111͒ planes, Q z is the scattering vector ͑4 / ͒sin͑͒, is the wavelength, and M j is either 1 or −1 for ↑ or ↓ oriented planes, respectively. Figure 8 shows the results of these calculations for six different magnetic orientation sequences M j . Three of the sequences represent the perfect AFM type-II ͑↑↓ ↑ ↓...͒, AFM type-I ͑↑↑ ↓ ↓...͒, and ferrimagnetic ͑↑↑ ↓...͒ phases, while the other three sequences are ferrimagnetic phases with defects of different periodicity ͑Fig. 8͒. The defect phase unit cells consist of n ferrimagnetic unit cells ↑↑↓ followed by an ↓ plane. In this way, defect phases are transitional between ferrimagnetic and AFM type-I phases, since for n = 1 the defect phase reduces to AFM type-I ↑↑ ↓↓, and for n → ϱ it reduces to the ferrimagnetic ↑↑↓ phase.
The diffraction from the phases with periodic, correlated defects, yields peaks in between those of the ferrimagnetic and AFM type-I phases ͑Fig. 8͒. The peaks shift toward those of the AFM type-I phase as the defect periodicity increases ͑as n decreases͒. This matches our experimental results shown in Figs. 5͑a͒ and 6͑c͒ , where the peaks from the defective phase between 3 and 4.5 K shift to lower h as temperature increases. The position of the experimental peaks varying from h = 0.32 to 0.29 during warming ͓Fig. 6͑c͔͒ indicates defect-phase unit cells with n = 7 to 2. The considerable width of the defective phase peaks suggests a certain spread on the correlated defects wavelength at each temperature, likely due to tiny strain variations affecting the delicate equilibrium in EuSe film. The decrease in the defective phase peaks width as temperature rises ͓Fig. 6͑e͔͒ can be explained by a reduction in the spread on n values.
Notice that the defect phase with n = 2 has the highest possible defect concentration, becoming AFM type-I for n = 1. Hence, after a relative smooth shift to lower h when n goes from 7 to 2, the correlated-defect model predicts a jump to lower h for n = 1, as shown in Fig. 8 . This jump is observed in the experiments, during warming from 4.5 to 4.6 K ͓Figs. 5͑a͒ and 6͑c͔͒. The steep decrease on h is accompanied by a sensitive reduction in the peak width ͓Fig. 6͑e͔͒, indicating longer range order.
Considering the similarities among the experimental and simulated magnetic peaks, we propose that the defective phase observed here, previously identified as ↑↑↓, is actually a correlated-defect phase with unit cell ͓͑n ϫ ↑ ↑↓͒ + ↓͔. The introduction of these defects should be energetically favorable since it lowers the overall magnetic moment of the ↑↑↓ phase. This correlated-defect phase is an intermediate case between ↑↑↓ and ↑↑ ↓↓ phases, and results directly from the close equilibrium J 1 ϳ͉J 2 ͉ existing in EuSe, where the energy difference that stabilizes the various magnetic phases is very small.
V. CONCLUSIONS
The magnetic orderings of an EuSe film were determined using magnetic x-ray diffraction, particularly well suited for studies of magnetic phase equilibria. Profiting from the strong resonance enhancement observed at the Eu L II absorption edge, we measured the magnetic Bragg peaks in successive cooling and warming cycles. A structural reflection was also measured in similar temperature cycles to study the magnetoelastic effects accompanying phase transitions. Three distinct magnetic phases were observed below 4.7 K: ↑↑ ↓↓, ↑↓ ↑↓, and a defective phase with k ជ III ϳ͓ Biaxial tensile strain kept the in-plane magnetic domain from being populated while the other three oblique domains were equally populated. A detailed picture of the magnetic phases temperature behavior, coexistence intervals, and hysteresis effects was given. The magnetic transitions were closely related to the magnetoelastic deformations of the EuSe film, with the ↑↓ ↑↓ phase producing a lattice expansion, and the ↑↑ ↓↓ and defective phases producing lattice contractions, all along the ͓hhh͔ normal direction. Comparison with kinematic x-ray diffraction simulations suggest that the defective phase has unit cell ͓͑n ϫ ↑ ↑↓͒ + ↓͔. Values of n from 7 to 2 satisfactorily reproduce the experimental peak positions and shifts during the warming of the sample.
